Higher intensity of FDG uptake on PET/CT in primary tumor is seen in patients with IDC compared to ILC, also in high grade tumours, tumours with negative ER and higher Ki67 values, while data are inconsistent in case of relation between primary tumor's PgR and HER2 expression with its metabolic activity levels. On account of the lack of studies that include research of breast cancer metastatic lesion metabolism level and its relation to tumor histology and biology, our goal was to investigate the association of metastatic lesions' glucose metabolism level on PET/CT with different histological and biological characteristics of primary tumor. In a total number of N=100 patients, highest SUVmax values for each patient were used in testing difference between metastatic metabolic activity in patients with different tumor histology, grade, ER, PgR and HER2 status, subtype, as well in testing relation of Ki67 index to metastasis' metabolism level. In testing difference between histological types of breast cancer, SUVmax values were also compared separately for each specific anatomical site (regional and distant lymph nodes, bones and liver). No difference was found regarding metastatic SUVmax values in patients with primary IDC (n=55, median SUVmax 9.70) and ILC (n=34, median SUVmax 7.20) independently of anatomic site, and for each of analysed sites separately. No difference was found as well between SUVmax detected in metastasis in patients with different grade (grade II: n=58, median SUVmax 7.70; grade III: n=12, median SUVmax 10.20), ER (59 positive, median SUVmax 8.50; 22 negative, median SUVmax 8.05), PgR (55 positive, median SUVmax 8.50; 23 negative, median SUVmax 7.80), and HER2 (14 positive, median SUVmax 6.84; 51 negative, median SUVmax 8.63) expression in primary tumor, and between patients with different tumor subtype. Ki67 was also not associated with tumor metastatic SUVmax values (n=11, r s = -0.21, p=0.53). We conclude that there is no association of primary breast cancer histological type, grade, ER, PgR, HER2 and Ki67 expression with metabolic activity in metastasis detected on PET/CT.
Breast cancer (BC) represents the most frequent malignancy and main cause of cancer-related deaths in women in the world [1] . Most common histological types of BC are invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC). Beside IDC and ILC, other common histological types of BC are mucinous, medullar, tubular, comedo, inflammatory and papillary, which together represents approximately 10% of all diagnosed breast cancers [2] . Besides traditional histopathological diagnosis of breast cancer, which included histological type and tumor grade, the intrinsic subtypes of BC have been recognized earlier [3, 4] . Surrogate markers determined by immunohistochemical (IHC) measurements of estrogen receptors (ER), progesterone receptors (PgR), Ki67 and HER2 are used to define BC subtypes: luminal Alike, luminal B-like, HER2 positive and triple negative (TN) BCs, and their role as prognostic and predictive factors is well known [5] .
Role of positron emission tomography/computed tomography (PET/CT) with 18F-fluorodeoxyglucose (FDG) in staging and restaging breast cancer patients is constantly increasing, along with number of evidence regarding its impact in therapy selection and management of these patients [6] , with particular importance of PET/CT in detection of distant metastasis [7] . FDG accumulation in primary BC is mainly Glut1-mediated and correlates with Glut1 and hexokinase expression, but also with microvascular density, number of viable tumor cells, cell proliferation rate, lymphocyte count and hypoxia-inducible factor 1α(HIF-1α) expression [8, 9] . Higher FDG uptake in primary tumor is seen in ductal compared with lobular type [10] , whereas mixed (ductal + lobular) primary tumor also shows lower glucose metabolism level in comparison with IDC [11] . There are numerous studies that investigate relation of FDG uptake level with tumor histological grade and ER, PgR, HER2 and Ki67 expression. They show that higher SUVmax values are detected in tumors with higher grade, tumors with negative ER and with higher Ki67 index, while the results regarding relation of HER2 and PgR to metabolic activity level are equivocal [10, 11, 12, 13] . Also, primary tumor SUVmax detected on FDG PET/CT has been proven to have prognostic role in breast cancer patients [14] . However, most of the authors are investigating metabolism level in primary tumor. More recently, studies that include investigation of SUVmax values in breast cancer metastasis have appeared, showing that bone metastasis metabolism level can have prognostic value in patient with disseminated disease, while FDG uptake level in liver, lungs and lymph nodes lesions does not appear to have prognostic significance [15, 16] .
Lack of the studies that include research of breast cancer metastatic lesion metabolism level and its relation to tumor histology and biology indicates the need of further investigation and evaluation of this domain. Therefore our study's main goal was to determine whether there is connection of metabolic activity of breast cancer metastasis on FDG PET/CT with histological type of primary tumor. Additional goals were to determine relation of primary tumor subtype, histological grade, hormone receptor and HER2 expression and Ki67 index to secondary lesions metabolism level detected on PET/CT.
Patients and methods
This study was conducted in National PET centre, Centre for Nuclear medicine, Clinical centre of Serbia. Study included all consecutive patients diagnosed with breast cancer, who underwent PET/CT examination from October 2009 until September 2014, and who fulfilled inclusion criteria: 1) previously histologically proven breast cancer, 2) available data concerning breast cancer histological type, 3) metastatic lesions detected on PET/CT. Exclusion criteria were: 1) previously proven presence of other malignant tumor, 2) end of chemotherapy less than a month ago. Data concerning clinical and pathological parameters, which included tumor histological type and grade, ER, PgR, HER2 and Ki67 expression, and previous specific oncologic therapy, were taken from medical documentation that patients enclose for PET centre archive. Estrogen and progesterone receptors were interpreted as positive when: Allred score was ≥3, staining was present in ≥1% cells or H score was>1 [17, 18] , or ≥10fmol/mg (ER) and ≥20fmol/mg (PgR) of protein was detected [19] , depending on type of test. HER2 was considered positive in case of score 3+ obtained by IHC analysis, or if gene amplification was detected by chromogenic in situ hybridisation (when IHC score was 2+). Results of Ki67 IHC testing were expressed as percentage of cells that bind antibody (low Ki67 index < 15%, high Ki67 index ≥ 40%). Patients with known ER, PgR and HER2 were classified into following subgroups: a) luminal subtype (ER+ and/or PgR+/HER2-neg), b) luminal HER2-pos (ER+ and/or PgR+/ HER2-pos), c) triple-negative (ER-/PgR-/HER2-neg), and d) non-luminal HER2-pos (ER-/PgR-/HER2-pos).
PET/CT examination was done on hybrid PET/CT scanner Biograph True64, Siemens medical solutions USA Inc. Patients were given an average dose of 5.5 MBq/kg body weight 18F-FDG intravenously, after starving period of at least 6 hours, and with blood glucose level <11 mmol/l. After resting period (60-90 minutes after FDG administration), patients underwent low-dose CT (120 kV, 40 mAs, slice thickness 5 mm, pitch 1.5, rotation time 0.5 s) without contrast, for topographic localisation and attenuation correction. That was followed by PET acquisition (standard Whole body procedure) of region from the base of scull to the mid-thighs (3 minutes per bed, 6-7 beds per examinee) in three-dimensional mode.
Obtained PET/CT data were interpreted on Syngo Multimodality Workplace VE31A (Syngo 2008B, Siemens, Medical systems, Erlangen, Germany). Image interpretation was done by nuclear medicine specialist and, after elimination of physiologic and inflammation/infection caused FDG avid areas, other lesions with increased FDG uptake were interpreted as presence of malignancy. Only in a number of patients histopathological confirmation of detected metastatic lesions was available, while clinical follow-up was used as a confirmation of metastatic disease in others. For assessment of glucose metabolism level in metastasis, SUVmax was used, that is singular voxel within region of interest with maximal standard uptake value, calculated as: activity in tissue (count/pixel/s) multiplied by calibration factor and divided by dose applied (MBq/kg of body weight). SUVmax was determined for FDG avid lesions in skeletal system, liver, lungs and regional (ipsilateral axillar, supra and infraclavicular and along internal thoracic artery) and distant lymph nodes. Highest SUVmax values for each patient were used in testing difference between metastatic metabolic activity in patients with different tumor histology, grade, ER, PgR and HER2 status, tumor subtype, as well in testing relation of Ki67 index to metastasis' metabolism level. In testing difference between histological types of breast cancer, SUVmax values were also compared separately for each specific anatomical site (regional and distant lymph nodes, bones and liver).
Statistical analysis, which included descriptive and analytical methods, was done in program R 3.0.2. Chi-squared test was used to test whether there is difference in frequency of IDC and ILC metastasis on different anatomical sites. In analysing the relation of metastatic SUVmax values to histological type (IDC and ILC), grade (grades II and III), ER, PgR, and HER2 expression (positive vs. negative), tumor subtype, chemotherapy and endocrine therapy, Mann-Whitney U test and Kruskal-Wallis rank sum test were used. Correlation between Ki67 index and SUVmax values was analysed with Spearman's rang correlation coefficient. P-values of ≤0.05 were considered statistically significant.
Results
Our study included 100 patients (1 male), average age 55±13 years, who had breast cancer metastatic lesions seen on PET/CT. Total number of PET/CT examinations was 128, with 80 patients who underwent PET/CT scan once, while 14, 4 and 2 patients were examined on PET/CT two, three or four times, respectively. All PET/CT examinations were done for the purpose of patients' restaging after already previously treated breast cancer (surgery and/or chemotherapy and/or radiation therapy), and with particular indications: therapy efficiency assessment (in 51 PET/CT examination), pathological or equivocal findings on other imaging modalities (n=44), increased level of tumor markers (n=23) and routine check-up (n=10). Tumor histology data were available for each patient. Only in a number of patients, other histological and biological data were known: tumor grade in 74 patients, ER status in 81 and PgR status in 78 patients, HER2 in 65, and Ki67 in 11 patients. The most frequent histological type was invasive ductal carcinoma, which was detected in 55 patients, whereas 34 patients had invasive lobular carcinoma, which was the second most frequent type. Other detected histological types (in the remaining n=11 patients) were: mucinous, mixed and medullar. Demographic and other clinical characteristics of patients, as well as tumor characteristics, are given in Tables  1 and 2 .
Most common sites of PET/CT detected distant metastases in all patients were: lymph nodes, bones, lungs and liver. Presence of malignant disease in regional lymph nodes was seen in 28 patients. Other sites of PET/CT detected metastases were: pleura, soft tissues, uterus and adnexa, adrenal glands, peritoneum. When it comes to different histological types, most frequent sites of metastases in patients with IDC were distant lymph nodes, skeletal system and lung parenchyma (Fig. 1) , while bones, distant lymph nodes and liver were the most frequent sites of metastasis in ILC patients (Fig. 2) . Distribution of FDG avid lesions according to histological type of BC is given in Table 3 . There was no significant difference in frequency of metastases in bones, liver and distant or regional lymph nodes between patients with IDC and ILC. Only lung metastases were statistically more frequent in patients with ductal type than in ILC patients (Table 4) .
Median values of SUVmax in FDG avid lesions in patients with ductal and lobular BC are given in Table 5 . Statistically significant difference was not found between IDC and ILC patients' highest SUVmax values on each anatomical site separately (regional and distant lymph nodes, bones and liver), as well independently of site (Table 5) . ER, PgR and HER2 was determined in 65/100 patients and Ki67 in only 11/100, which precluded the precise determination of BC subtypes in our patients. However, these 65 patients were classified into following subgroups: a) luminal subtype (ER+ and/or PgR+/HER2-neg) 41 patients; b) luminal HER2-pos (ER+ and/or PgR+/HER2-pos) 10 patients; c) triple-negative (ER-/PgR-/HER2-neg) 10 patients; and d) non-luminal HER2-pos (ER-/PgR-/HER2-pos) 4 patients. There was no significant difference in SUVmax among them (Table 7) .
Regarding association of chemotherapy or endocrine therapy with tumor metabolism on PET/CT, no difference was found between SUVmax values detected in secondary lesions in patients with and without previous chemotherapy treatment (p=0.46), as well between patients with ongoing, completed or without previous endocrine therapy (p=0.23).
Our sample included one male patient. He had ductal type of carcinoma, with ER and PgR negative, HER2 posi-tive, and Ki67 expressed in 50% of cells. He had FDG avid lesions in lungs (SUVmax 3.3) and skeletal system (SUVmax 3.2).
Discussion
This study examined the association of metastatic lesions' glucose metabolism level on PET/CT with different histological and biological characteristics of primary tumor, mostly in IDC and ILC. The overall results provided evidence that glucose metabolism level in breast cancer metastasis is not associated with primary tumor histological type with possible implication of cell metabolism differences between primary and metastatic tumor. In addition, metabolic activity in breast cancer metastases is not connected with primary tumor characteristics such as histological grade, ER, PgR and HER2 status and Ki67 index, with explanation of possible further tumor dedifferentiation during metastasing.
Among our patients, the most frequent BC histological type was invasive ductal carcinoma, followed by ILC, which is in agreement with the literature data; although we found the prevalence of ILC (34%) to be somewhat higher compared to previous studies results (5-15%) [2, 20] .
In all patients, independently of tumor histological type, most common sites of distant metastases were lymph nodes, followed by skeletal system, lungs and liver, which agrees with the results of Morris et al [16] .Presence of malignancy in gynaecological organs and peritoneum was detected only in patients with ILC but not in IDC patients, while secondary lesions in lung parenchyma were significantly more frequent in IDC than in patients with lobular type, which is all in concordance with previous studies [21, 22] .
It is known from before that the different metabolic processes are present in cells of different tumor types [23] . With regard to breast cancer, ILC and IDC show different levels of expression of glucose metabolism-related proteins, such as Glut1, hexokinase II, carbonic anhydrase IX (CAIX) and monocarboxylic transporter 4 (MCT4). IDC is characterised by higher expression of glycolysis in tumor cells, as well as in stromal cells, while ILC is more often non-glycolytic type, and generates energy primarily through mitochondrial oxidative phosphorylation. IDC, besides glycolytic phenotype, shows also glutaminolysis and serine/glycine metabolic phenotype [24] . Also, proliferative activity of primary tumor is lower in lobular than in ductal histological type [25, 26] . Since tumor FDG accumulation positively correlates with cell proliferation activity and the expression of glucose metabolism-related proteins, it could explain higher FDG uptake in primary breast cancer in patients with IDC compared to ILC patients.
Our results indicate that there is no difference between FDG uptake level in secondary lesions in patients with IDC compared to ILC patients, both in regional (lymph nodes) and distant (lymph nodes, bones, liver) metastases. Deandreis et al. showed also that SUVmax values detected in metastatic lesions (independently of anatomical site) in patient with metastatic thyroid carcinoma were not associated with primary tumor histological type -papillary, follicular or poorly differentiated [27] , while, regarding primary thyroid carcinoma FDG uptake, higher FDG accumulation is seen in anaplastic compared to differentiated carcinomas [28] and in papillary than in follicular types [29] . Perhaps the absence of difference in metastasis radiotracer uptake intensity among different BC histological types could be the consequence of cell metabolism differences between primary and metastatic tumor. BC metastatic cells, found in regional lymph nodes, show different metabolism than primary tumor cells [30] . It has also been shown that the hexokinase activity is considerably higher in metastases compared to primary tumor, indicating the connection of higher glycolytic activity with tumor progression [31, 32] . With regard to difference between BC metastatic lesions on different anatomical sites, proteins involved in glycolysis (Glut1, hexokinase II, CAIX and MCT4) show higher level of expression in brain and lung lesions, with lower expression in liver and bones, whereby CAIX and Glut1 positivity in bone metastases and CAIX positivity in lungs is associated with shorter overall survival [33] .
Histological tumor grade is used to express the tumor tissue differentiation, i.e. the degree of malignancy. A number of studies show association between primary tumor histological grade and its metabolic activity on FDG PET/CT, which is explained by higher expression of Glut1 and hexokinase seen in poorly differentiated tumors [34] . Our results suggest that there is no difference in glucose metabolism level seen in metastases of breast cancer with different primary tumor grade, which could be the consequence of further tumor dedifferentiation occurring during metastasing.
Although many authors found significantly higher SUVmax values of primary breast cancer in patients with negative estrogen receptors than in ER positive patients, we did not find difference between ER negative and ER positive patients regarding SUVmax detected in metastasis. In respect of PgR expression, and its association with primary tumor glucose metabolism, some of the authors stated that PgR negative tumors could have higher metabolism level, while others found no connection between SUVmax and PgR status. We also did not detect difference between PgR positive and negative patients by comparing their metastatic SUVmax values [10, 11, 12, 13] . However, the results of previous studies show that ER and PgR concentration in regional and distant breast cancer metastases can differ from those in primary tumor, and perhaps that may be the reason of different metabolic behaviour of secondary lesions compared to primary tumor, and could explain our results [35] .
While some studies showed that SUVmax could be associated with primary tumor HER2 expression, in terms of higher SUVmax values in HER2 positive patients [11, 36] , not all of the authors managed to prove the existence of relation HER2 and glucose metabolism level on FDG PET [12, 37] . We also did not detect the association of HER2 status and metabolic activity in metastases in our patients. The absence of relationship between HER2 overexpression and FDG uptake is difficult to explain because it has been proven that HER2 promotes glycolysis in breast cancer cells [38] , while, on the other hand, it is known that HER2 expression in primary tumor and its metastasis could vary to a large degree [35] , which could be in favour of the results we obtained.
In contrary to prior studies, which have proved positive correlation of Ki67 index and primary tumor FDG accumulation, we found no such connection in case of SUVmax value in metastatic lesions and its relation to primary tumor Ki67 expression, which may be the effect of small sample size (n=11), but also could be explained with the fact that Ki67 values may differ in metastasis comparing to primary tumor [39] .
Intrinsic BC subtypes (luminal A/B, HER2 positive, triple negative) have been recognized earlier. IHC measurements of ER, PgR, HER2 and Ki67 serve as surrogate markers to define these subtypes. It may be that intrinsic tumor subtypes better correlate with tumor metabolism than each of these markers separately. In their study, Yoon et al found that FDG PET parameters of primary tumor showed significant differences among the breast cancer subtypes, with a difference in SUVmax between the ER/PgR+,HER2− and ER/PgR−,HER2− [40] . However, we did not find difference in metastatic SUVmax values among different breast cancer subtypes in our patients.
Our study had some limitations. One of the limitations is the absence of histopathological confirmation for the most of the metastases detected on PET/CT. However, we used clinical follow-up to confirm metastatic disease in our patients. Also, in statistical analysis, total number and size of secondary lesions was not taken into consideration, although they varied among the patients noticeably. Another limitation is relatively small sample size. However, to our best knowledge, this is the first study of this kind, which investigates the difference between IDC and ILC metastatic metabolism activity on PET/CT in patients with breast cancer, and also the association of primary tumor grade, ER and PgR status, HER2 and Ki67 expression and tumor subtype with FDG PET/CT metastatic glucose metabolism level, and further studies with larger sample and histopathological confirmation are needed.
In conclusion, SUVmax values detected in breast cancer metastatic lesions (highest SUVmax independently of site, and SUVmax in each regional and distant lymph nodes, bones and liver separately) do not differ between patients with ductal and lobular carcinoma. Our results suggest that glucose metabolism level in breast cancer metastasis is not associated with primary tumor histological type. Also, metabolic activity in breast cancer secondary lesions is not connected with primary tumor characteristics such as histological grade, ER, PgR and HER2 status, Ki67 index and tumor subtype.
